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SUMMARY 
A s  p a r t  o f  t h e  DOEINASA Automot ive S t i r l i n g  Engine P r o j e c t ,  t e s t s  were 
made a t  NASA Lewis Research Center  to  determine whether appendix gap losses  
c o u l d  be reduced and S t i r l i n g  engine performance increased by i n s t a l l i n g  an 
a d d i t i o n a l  p i s t o n  r i n g  near t h e  t o p  of each p i s t o n  dome. 
upgraded Mod I Automot ive S t i r l i n g  Engine was used for these t e s t s .  U n l i k e  t h e  
conven t iona l  r i n g s  a t  t he  bo t tom o f  t h e  p i s t o n ,  these r i n g s  opera ted  i n  a h i g h  
tempera ture  env i ronment  (700 " C ) .  Because of t h i s ,  we c a l l e d  them " h o t - r i n g s . "  
I t  was necessary t h a t  t hey  be made o f  a h i g h  temperature a l l o y  ( S t e l l i t e  68) 
and t h a t  a h i g h  temperature s o l i d  l u b r i c a n t  c o a t i n g  (NASA Lewis-developed 
PS-200) be a p p l i e d  t o  the  c y l i n d e r  w a l l s .  Engine t e s t s  were r u n  a t  5, 10, and 
15 MPa o p e r a t i n g  pressure  ove r  a range of o p e r a t i n g  speeds. T e s t s  were r u n  
bo th  w i t h  t h e  h o t - r i n g s  i n  p l a c e  and w i t h o u t  them t o  p r o v i d e  a b a s e l i n e  for  
comparison. A l though budget and schedule r e s t r i c t i o n s  s e v e r e l y  l i m i t e d  t h e  
t e s t i n g ,  t h e  minimum da ta  t o  assess t h e  p o t e n t i a l  o f  bo th  t h e  h o t - r i n g s  and 
h i g h  tempera ture  low f r i c t i o n  c o a t i n g  was ob ta ined .  
An MTI-designed 
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Resu l t s  i n d i c a t e d  a s l i g h t  i nc rease  i n  power and e f f i c i e n c y  w i t h  t h e  ho t -  
r i n g s  ove r  t h e  b a s e l i n e  c o n f i g u r a t i o n .  Th is  i nc rease  was ove r  and above t h e  
f r i c t i o n  l o s s  i n t r o d u c e d  by t h e  h o t - r i n g s .  Seal leakage measurements showed a 
s i g n i f i c a n t  r e d u c t i o n  i n  leakage w i t h  t h e  h o t - r i n g s  i n  p l a c e .  I n  a d d l t i o n ,  
cy1 i n d e r  w a l l  temperature measurements i n d i c a t e d  l e s s  c y l i n d e r  h e a t i n g  i n  t h e  
appendix gap area--between t h e  lower p i s t o n  r i n g s  and t h e  h o t - r i n g .  Approx i -  
ma te l y  22.4 hours  o f  r i ng -on -coa t ing  o p e r a t i o n  were recorded.  A f t e r  t h e  i n i -  
t i a l  b reak - in  p e r i o d ,  wear on b o t h  t h e  r i n g s  and t h e  c o a t i n g  was low. The 
PS-ZOO c o a t i n g -  seems to  o f f e r  s i g n i f i c a n t  p o t e n t i a  
h i g h  tempera tures .  
Both  t h e  h o t - r i n g  and the  PS-200 low f r i c t i o n  
should be pursued f u r t h e r .  P o t e n t i a l  b e n e f i t s  a re  
S t i r l i n g  eng ine ,  b u t  t o  the  a d i a b a t i c  d i e s e l  as we 
INTRODUCTION 
f o r  long- te rm o p e r a t i o n  a t  
c o a t i n g  show promise  and 
a p p l i c a b l e  n o t  o n l y  to  t h e  
1 .  
Advanced component techno logy  t e s t i n g  was done a t  NASA Lewis on a Mod I 
k i n e m a t i c  S t i r l i n g  engine t h i s  p a s t  y e a r .  
gram was i n i t i a t e d  i n  an a t tempt  to  reduce the  "appendix gap" l osses  d e f i n e d  
a n a l y t i c a l l y  for  t h e  S t i r l i n g  engine.  
Th is  research  and development p ro-  
The appendix gap i s  t h e  volume between 
t h e  c y l i n d e r  w a l l  and t h e  a c t u a l  p i s t o n  dome i t s e l f  as shown i n  f i g u r e  1 .  T h i s  
volume i s  t h e  cross-hatched area.  These appendix gap l o s s e s  i n  t h e o r y  r e s u l t  
i n  a decrease i n  engine per formance,  namely engine brake power and brake e f f i -  
c i e n c y .  A p o s s i b l e  way t o  reduce t h i s  appendix gap loss i s  to  i n s t a l l  an add i -  
t i o n a l  p i s t o n  r i n g  a t  t h e  t o p  o f  t h e  p i s t o n  dome t o  e l i m i n a t e  or reduce work ing  
gas f low i n  and o u t  o f  t h e  appendix gap. The conven t iona l  p i s t o n  c o n f i g u r a t i o n  
i s  shown a t  t h e  l e f t  o f  f i g u r e  1 w i t h  t h e  h o t - r i n g  m o d i f i e d  v e r s i o n  a t  t h e  
r i g h t .  
ex t remely  harsh  env i ronment  t h a t  t h i s  r i n g  must w i t h s t a n d  i n  t h i s  r e g i o n .  
o p e r a t i n g  tempera ture  i n  t h i s  r e g i o n  i s  app rox ima te l y  700 "C (1292 " F )  w i t h  a 
hydrogen atmosphere. A h i g h  tempera ture  meta l  a l l o y  i s  needed t o  s u r v i v e  under 
these c o n d i t i o n s .  S t e l l i t e  68 was used f o r  these t e s t s .  Some form o f  l u b r i c a -  
t i o n  i s  a l s o  r e q u i r e d  t o  a l l o w  adequate f r i c t i o n  and wear r e s i s t a n c e  f o r  t h i s  
h o t - r i n g .  A h i g h  temperature d r y  l u b r i c a n t  developed a t  NASA Lewis was adapted 
fo r  t h i s  purpose. 
Th is  cannot  be done w i t h  t h e  s tandard  Rulon r i n g  because o f  t h e  
The 
TEST APPARATUS AND PROCEDURES 
The engine used f o r  t h i s  t e s t i n g  was a Mod I Automot ive S t i r l i n g  Engine 
w i t h  t h e  a u x i l i a r i e s ,  except  f o r  t h e  o i l  pump and hydrogen compressor, removed. 
F i g u r e  2 i s  a photograph showing t h e  engine i n  t h e  t e s t  c e l l  on t h e  t e s t  s tand.  
The l i n e s  r u n n i n g  throughout  t h e  photo w e r e  f o r  research  i n s t r u m e n t a t i o n .  
~ 
F i g u r e  3 i s  a schematic o f  t h e  englne.  The reason fo r  i n t r o d u c i n g  t h i s  
schematic i s  t o  show where t h e  m o d i f i e d  components a r e  l o c a t e d  w i t h  r e s p e c t  t o  
t h e  r e s t  o f  t h e  engine components. M o d i f i e d  p i s t o n  domes were a t t a c h e d  t o  t h e  
s tandard  p i s t o n  bases and mod i f ied  c y l i n d e r  heads were i n s t a l l e d  i n  p l a c e  o f  
t h e  o r i g i n a l  c y l i n d e r  heads. 
S p e c i a l  M a t e r i a l s  Requirements 
A s  ment ioned p r e v i o u s l y ,  some form o f  d r y  h i g h  tempera ture  l u b r i c a n t  was 
r e q u i r e d  to  a l l o w  o p e r a t i o n  o f  t h e  h o t - r i n g  i n  t h e  h i g h  tempera ture  c y l i n d e r  
env i ronment .  A m a t e r i a l  developed a t  NASA Lewis (PS-200) looked p romis ing .  
PS-200 has a base o f  48 p e r c e n t  chrome c a r b i d e  and 32 p e r c e n t  n i c k e l  a l u m i n i d e  
w i t h  10 pe rcen t  ca l c ium and bar ium f l u o r i d e  e u t e c t i c ,  and 10 p e r c e n t  s i l v e r .  
The chrome ca rb ide -n i cke l  a lum in ide  p rov ides  t h e  wear r e s i s t a n c e ,  w h i l e  t h e  
e u t e c t i c - s i l v e r  m i x  p rov ides  t h e  h i g h  temperature l u b r i c a n t .  P in-on-d isk wear 
and f r i c t i o n  t e s t s  were made i n  b o t h  he l i um and hydrogen a t  temperatures up t o  
760 "C ( r e f s .  1 and 2). Severa l  p o t e n t i a l  r i n g  m a t e r i a l s  were t r i e d  i n i t i a l l y  
b e f o r e  t h e  S t e l l i t e  68 was s e l e c t e d .  F i g u r e  4 shows t h e  r e s u l t s  o f  these 
t e s t s .  PS-200 shows a s i g n i f i c a n t  r e d u c t i o n  i n  f r i c t i o n  c o e f f i c i e n t  ove r  t h e  
chrome carb ide- - f rom 0.6 t o  l e s s  than 0.2. Wear r a t e s  were low. These t e s t s  
gave us conf idence t h a t  we c o u l d  r u n  t h e  h o t - r i n g  equipped engine s t a b l y  f o r  a 
l o n g  enough t i m e  t o  p r o v i d e  t h e  d a t a  necessary f o r  performance comparison. 
I 
Tes t  Hardware 
The p i s t o n  r i n g  c o n f i g u r a t i o n s  shown i n  f i g u r e  5 were used f o r  comparison 
T h i s  c o n s i s t e d  o f  an upper and a 
purposes d u r i n g  t h e  engine t e s t i n g .  
s i d e  was designed by D r .  Roy Howarth o f  M T I .  
l ower  h a l f  t o  t h e  p i s t o n  dome which a l l o w e d  fo r  t h e  removal or rep lacement  o f  
The h o t - r i n g  c o n f i g u r a t i o n  on  t h e  l e f t  
c 
t h e  a d d i t i o n a l  p i s t o n  r i n g .  The a c t u a l  des ign  o f  t h e  h o t - r i n g  c o n f i g u r a t i o n  
i n c l u d e d  an upper wave s p r i n g  t o  keep t h e  h o t - r i n g  seated a g a i n s t  t he  lower  
h a l f  o f  t he  p i s t o n  r i n g  groove,  an expander r i n g  beh ind  t h e  h o t - r i n g  to  a p p l y  
u n i f o r m  p ressu re  a g a i n s t  t he  c y l i n d e r  bore,  and t h e  h o t - r i n g  i t s e l f .  Standard 
s p l i t - s o l i d  Rulon r i n g s  were used i n  t h e  conven t iona l  p i s t o n  r i n g  base grooves. 
Note the  v e n t  ho les  i n  t h e  p i s t o n  base which a l l owed  f o r  m a n i f o l d i n g  o f  t h e  
minimum c y c l e  p ressures  i n  each of t h e  f o u r  c y l i n d e r s .  The c o n f i g u r a t i o n  on 
t h e  r i g h t  i s  a schematic o f  the  b a s e l i n e  p i s t o n  dome c o n f i g u r a t i o n  employed f o r  
t h e  purpose of comparison. A f i l l e r  r i n g  was mounted i n  p l a c e  o f  the  h o t - r i n g  
t o  a l l o w  fo r  a u n i f o r m  t r a n s i t i o n  between t h e  upper and lower h a l f  o f  the  p i s -  
t o n  dome. 
F i g u r e  6 i s  a photograph of the  p i s t o n  dome i n  t h e  h o t - r i n g  c o n f i g u r a t i o n  
a f t e r  app rox ima te l y  22.4 hours o f  t e s t i n g .  
o r a t i o n  a s s o c i a t e d  w i t h  t h i s  h o t - r i n g  c o n f i g u r a t i o n  than w i t h  t h e  conven t iona l  
arrangement. Th i s  apparent  thermal  dam e f fec t  w i l l  be d iscussed l a t e r .  
There i s  s i g n i f i c a n t l y  l e s s  d i s c o l -  
F i g u r e  7 i s  a photograph of a h i g h  tempera ture  d r y  l u b r i c a n t  coated c y l i n -  
de r .  A s  you can see, t h e  da rke r  p o r t i o n  of t h e  pho to  i s  where t h e  a d d i t i o n a l  
p i s t o n  r i n g  rode a l o n g  t h e  stroke of t h e  bore and wore i n  t h e  c o a t i n g .  
l i g h t e r  p o r t i o n  i s  t h e  o r i g i n a l  diamond-ground, f lame sprayed PS-200 c o a t i n g  
su r face .  
s p e c i f i c a t i o n s  needed to  m e e t  des ign  requ i rements .  A c t u a l  measurements from 
i n s p e c t i o n  showed t h a t  t h e r e  was o n l y  about  0.0002 i n .  wear assoc ia ted  due t o  
the  r i ng -on -coa t ing  c o n t a c t  a f t e r  22.4 hours o f  t e s t i n g .  The su r face  f i n i s h  
measurement f o r  t h e  as-ground c o a t i n g  was 80 p i n .  RMS. A f t e r  wear-in, t he  
su r face  f i n i s h  was a v e r y  smooth 5 p i n .  
apparent  wear was s imp ly  r e d u c t i o n  of t h e  o r i g i n a l  sur face a s p e r i t i e s .  I t  i s  
n o t  c l e a r  whether t h e  a c t u a l  s teady -s ta te  wear r a t e s  would be acceptab le  f o r  
r e a l  engine use. However, o u r  purpose was w e l l  served. 
The 
Th is  c o a t i n g  was flame sprayed and then  ground to  t h e  p a r t i c u l a r  
I t  would appear t h a t  a lmost  h a l f  t he  
f r i c t i o n  
I t  was necessary to  account  i n  some way for t h e  added f r i c t i o n  o f  t h e  ho t -  
r i n g  i n  o r d e r  t o  assess what a c t u a l  thermodynamic b e n e f i t  may have r e s u l t e d .  
R ing  b e a r i n g  pressures  were  c a l c u l a t e d  based on assumed p ressu re  d i f f e r e n c e s  
across  the  r i n g  ove r  t h e  c y c l e .  These were i n t e g r a t e d  a l o n g  w i t h  the  p i s t o n  
speed t o  p r o v i d e  an average va lue  o f  PV for each o p e r a t i n g  p ressu re  and engine 
speed. The t o t a l  r i n g  s u r f a c e  area  was assumed t o  be t h e  f r i c t i o n  b e a r i n g  sur-  
f a c e  used i n  t h e  f r i c t i o n  l o s s  c a l c u l a t i o n s .  F i g u r e  8 shows f r i c t i o n  power 
l o s s  i n  k w l c v c l e  as a f u n c t i o n  o f  ens ine  sDeed. A t  t he  fu l l - power  D o i n t  o f  
15 MPa work ing  p ressu re  and 
h o t - r i n g  f r i c t i o n  i s  approx 
zero .  
The t o t a l  work ing  gas 
4000 rpm; t h e  t o t a l  engine 1 
ma te l y  2 . 5  kW and decreases 
RESULTS AND DISCUSSION 
eakage p a s t  t he  p i s t o n  r i n g s  
s s  asso 
i n e a r l y  
was man 
t o g e t h e r  (as mentioned p r e v i o u s l y )  and measured i n  an a t t e m p t  t o  
seal  i n g  e f f e c t i v e n e s s  o f  t he  h o t - r i n g s .  Leakage normal l y  occurs  
i a t e d  w i t h  the  
w i t h  speed t o  
f o l d e d  
gauge t h e  
up across t h e  
bo t tom r i n g  as w e l l  as down across t h e  t o p  r i n g .  The h o t - r i n g ,  o f  course,  i s  
in tended to  r e s t r i c t  o n l y  t h e  f low from the  t o p  down. The lower r i n g  i s  
expected t o  l e a k  s i m i l a r l y  i n  e i t h e r  c o n f i g u r a t i o n .  A r e d u c t i o n  i n  o v e r a l l  
3 
leakage i m p l i e s  a s u b s t a n t i a l l y  g r e a t e r  r e d u c t i o n  i n  the  flow from t h e  t o p  
o n l y .  
r i n g  c o n f i g u r a t i o n s  a t  5 MPa o p e r a t i n g  p ressu re .  
seen. Th is  i m p l i e s  t h a t  t h e  h o t - r i n g  sea ls  v e r y  w e l l  and does p r e v e n t  flow i n  
F i g u r e  9 shows a comparison o f  t he  leakage between the  b a s e l i n e  and ho t -  
A s i g n i f i c a n t  r e d u c t i o n  i s  
l and o u t  o f  the  appendix gap. S i m i l a r  r e s u l t s  were o b t a i n e d  a t  10 and 15 MPa. 
A f u r t h e r  c o r r o b o r a t i o n  o f  t h e  s e a l i n g  e f f e c t  was o b t a i n e d  by measur ing 
t h e  c y l i n d e r  e x t e r n a l  w a l l  tempera tures .  F i g u r e  10 shows t y p i c a l  r e s u l t s  o f  
these measurements. These d a t a  were  taken a t  5 MPa and 1000 rpm. The c y l i n d e r  
schematic shows the  thermocouple l o c a t i o n s .  Temperatures f o r  t h e  h o t - r i n g  con- 
f i g u r a t i o n  a re  c o n s i s t e n t l y  lower down the  c y l i n d e r  i n d i c a t i n g  less h o t  gas 
f low i n t o  the  appendix gap. 
I I n  o r d e r  t o  o b t a i n  a d i r e c t  comparison o f  h o t - r i n g  performance w i t h  t h e  s tandard  c o n f i g u r a t i o n ,  t e s t s  w e r e  r u n  a t  5, 10, and 15 MPa over  a range o f  
engine speeds. F i g u r e  1 1  shows brake power as a f u n c t i o n  o f  engine speeds f o r  
b o t h  c o n f i g u r a t i o n s  a t  a l l  t h r e e  o p e r a t i n g  p ressu res .  U n f o r t u n a t e l y ,  a mal- 
f u n c t i o n i n g  a i r / f u e l  c o n t r o l  s y s t e m  l i m i t e d  t h e  maximum f u e l  flow a v a i l a b l e  
and o p e r a t i o n  was n o t  f e a s i b l e  beyond about  3500 rpm a t  10 MPa and 2000 rpm a t  
15 MPa. The h o t - r i n g  power l e v e l  appears t o  be s l i g h t l y  h i g h e r  (as  much as 
6 p e r c e n t )  a t  a l l  o p e r a t i n g  c o n d i t i o n s .  However, we 
must a l s o  cons ide r  t h a t  t h i s  apparent  smal l  n e t  g a i n  was ach ieved even though 
t o t a l  r i n g  f r i c t i o n  was inc reased  w i t h  the  added h o t - r i n g .  I f  t h i s  i s  
accounted f o r ,  the  apparent  thermodynamic g a i n  due t o  appendix l o s s  r e d u c t i o n  
We had hoped fo r  more. 
I a lone was up as much as 11 pe rcen t  i n  power. 
F igu res  12 t o  14 show an e f f i c i e n c y  comparison f o r  t h e  same t e s t s .  Again, 
I as w i t h  t h e  power, e f f i c i e n c y  appears s l i g h t l y  h i g h e r  f o r  a l l  o p e r a t i n g  cond i -  
t i o n s .  
r e s u l t s  as f o r  power--maximum apparent  thermodynamic ga ins  o f  1 1  p e r c e n t  or 
more. 
Tak ing  t h e  added f r i c t i o n  i n t o  account g i v e s  e s s e n t i a l l y  t h e  same 
I 
I CONCLUDING REMARKS 
A l though n o t  c o n c l u s i v e ,  these da ta  i n d i c a t e  t h a t  appendix gap losses  a r e  
r e a l  ( i n  some form) and may be reduced i f  f low i n  and o u t  o f  t h e  gap i s  
reduced. On t h e  assumption t h a t  t h i s  i n i t i a l  e f f o r t  d i d  n o t  produce an optimum 
techn ique t o  implement t h i s  r e d u c t i o n ,  more e f f o r t  i n  t h i s  d i r e c t i o n  would 
appear t o  be warranted--not  o n l y  to  improve engine per formance,  b u t  a l s o  t o  
de f ine  more c l e a r l y  a s i g n i f i c a n t  loss mechanism f o r  i n p u t  to t h e  S t i r l i n g  
engine s i m u l a t i o n .  A s i d e  b e n e f i t  o f  t h i s  work was the  f i r s t  use i n  a r e a l  
engine o f  a d r y  r i n g  l u b r i c a n t .  
t e s t i n g  p o s s i b l e ,  b u t  a l s o  appears t o  o f f e r  d e f i n i t e  promise f o r  p r a c t i c a l  
engine use. I t  may even be a p p l i c a b l e  t o  t h e  a d i a b a t i c  d i e s e l  where h i g h  tem- 
p e r a t u r e  r i n g  l u b r i c a t i o n  has been a pr ime d e t e r r e n t  t o  e f f e c t i v e  a p p l i c a t i o n .  
The PS-200 c o a t i n g  n o t  o n l y  made our l i m i t e d  
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